Introduction
============

Owing largely to improvements in early detection and treatment, the mortality rate of women with breast cancer has decreased dramatically in recent years. However, in the United States, breast cancer remains the second most frequently diagnosed cancer in women with an estimated 595,690 breast cancer-related deaths predicted for 2016 [@B1]. It is essential, therefore, to identify and develop targeted therapies for this disease.

The majority of breast tumors and cell lines express the cell cycle regulatory protein RB but harbor defects of one or more of the other components of the \'RB pathway\', which override RB function. The most frequent aberration is the loss of p16 protein expression which occurs in 60-70% of breast cancer cell lines [@B2]-[@B4] and approximately 50% of primary breast tumors [@B5],[@B6] and is often found in association with overexpression of cyclin D1 protein (for a review see Hunter and Pines, 1994 [@B7]). Analyses of the underlying mechanisms responsible for the loss of p16 expression have revealed that the CDKN2A gene is subject to homozygous deletion, methylation and, less commonly, mutation [@B8]-[@B14].

The prevalence of p16 inactivation in breast cancer and indeed, in multiple other types of cancer [@B10],[@B14] is consistent with its essential role within the \'RB pathway\' as a negative regulator of the G1/S transition [@B15],[@B16]. During G1, p16 binds and inhibits the activity of the cyclin D-dependent kinases, CDK4 and CDK6. Further, the accompanying p16-mediated disruption of cyclin D/CDK4/6 complexes results in the redistribution of the cyclin-dependent kinase inhibitors, p21 and p27, from cyclin D/CDK4/6 complexes (where they are non-inhibitory) to cyclin E/CDK2 complexes where they inhibit CDK2 kinase activity [@B17]-[@B19]. In the absence of CDK4/6 and CDK2-mediated RB phosphorylation, hypophosphorylated RB is able to bind both E2F family members and the histone deacetylase, DHAC1 [@B20], resulting in the active repression of transcription from E2F-responsive promoters [@B21].

In addition to its fundamental regulatory role at the G1/S cell cycle transition, the elevated levels of p16 detected in primary cultures of senescent fibroblast, uroepithelial and keratinocyte cells suggest that it is also involved in the control of cellular senescence [@B22]-[@B25]. Indeed, Lu et al. (2012) [@B26] more recently observed p16-mediated induction of senescence in MDA-MB-231 breast cancer cells transduced with the AdRSVp16 recombinant virus. Consistent with the above findings, loss of p16 expression has been reported in association with escape of senescence in normal mammary epithelial, uroepithelial, fibroblast and mesothelial cells [@B25], [@B27]-[@B29].

The high frequency of p16 loss in breast cancer makes it a logical target for gene-replacement therapy or chemotherapy using p16-peptidomimetics. It is critical, however, that both the p16 and RB status of the tumors be known as we and others have shown that p16-/RB+ cancer cells are growth arrested in response to adenoviral-mediated overexpression of p16 but p16+/RB- and p16+/RB+ cancer cells are completely resistant to the growth suppressive effects of p16 [@B30]-[@B32],[@B18]. From these data, we suggest that p16-replacement therapies would benefit the specific (and largest) subgroup of breast cancer patients: those with p16-/RB+ tumors, more characteristic of the luminal B subtype [@B33],[@B34] In contrast, p16 therapy would likely prove less efficacious for patients with basal-like and triple negative breast cancers, the majority of which are p16+/RB- [@B35]-[@B38].

Although the above adenoviral studies are important in that they revealed the sensitivity of p16-/RB+ cancer cell lines to p16 [@B18], [@B30]-[@B32], the level of protein expressed by the adenovirus was exceptionally high and arrested the growth of both cancer cells and normal bronchial epithelial (NHBE) and foreskin fibroblast cells [@B18]. Clearly, an effective therapy should inhibit only the growth of cancer cells. In addition, cells that are growth-arrested in response to adenoviral-mediated overexpression of p16 cannot be assessed for key hallmarks of transformed cells such as anchorage independence and tumorigenicity in nude mice. Thus, the goal of the current study was to examine the effect of near-normal, non-growth inhibitory levels of p16 expression upon the transformed and tumorigenic properties of breast cancer cells. To this end, we have constructed two breast cancer cell lines with an inducible DOX-regulated p16 gene using the TET-OFF expression system [@B39]. Stable transfectants of the MCF-7 and ZR75.1 cells (both of which lack endogenous p16 and express RB) were isolated that expressed different levels of p16 protein in the absence of DOX. Unlike cells infected with adenoviral p16 constructs, however, the levels of p16 expressed by the TET-transfectants were not sufficient to arrest the cells in G1 thus enabling us to study the study the effect of different levels of p16 on anchorage-dependence and tumorigenicity in proliferating breast cancer cells. Indeed, we found that non growth-inhibitory levels of p16 were sufficient both to restore the anchorage-dependent phenotype as assayed by plating in soft agar and suppress the *in vivo* tumorigenicity of the MCF-7 and ZR75.1 breast cancer cell lines.

Materials and Methods
=====================

Breast cancer cell lines
------------------------

Two breast cancer cell lines, MCF-7 and ZR75.1, and one normal, SV40-transformed breast epithelial cell line, HBL-100, were obtained from the University of Colorado Cancer Center Shared Resource. The non-transformed, immortalized breast epithelial cell line, MCF-12A, was obtained from the American Type Culture Collection (Manassas, VA, USA). The MCF-7, ZR75.1 and HBL-100 cell lines were cultured in MEM media supplemented with 10% fetal calf serum, 0.2% sodium bicarbonate, 10 mM HEPES, 1% non-essential amino acids, 2 mM L-glutamine and 6 ng/ml insulin (Life Technologies, Grand Island, NY USA). The MCF-12A cell line was culture in Ham\'s F12/DME (1:1) supplemented with 10% fetal calf serum, 20 ng/ml EGF, 500 ng/ml hydrocortisone, 100 ng/ml cholera toxin and 10 μg/ml insulin (Life Technologies).

Antibodies
----------

The anti-cyclin D1 and anti-p16 antibodies were obtained from EMD Millipore (Billerica, MA USA) and BD Biosciences (San Jose, CA USA), respectively. Anti-pRb was a gift from Dr. Wen-Hua Lee (University of California, Irvine, CA). The horseradish peroxidase-conjugated secondary antibodies were obtained from Bio-Rad (Hercules, CA USA).

TET-OFF plasmid constructs
--------------------------

The \'regulatory\' plasmid, pUDH15-1 and \'response\' plasmid, pTET-SPLICE, were kindly provided by Dr. Bujard (Heidelberg, Germany). The pUDH15-1 plasmid was modified by the cloning of the neomycin-resistance gene into the XhoI site to enable selection in G418. A 0.5 kb p16 cDNA fragment was subcloned from pUC19 (gift from Dr. A. Kamb, Myriad Genetics, Utah, USA) into the HindIII-SpeI sites of the pTET-SPLICE plasmid (to create the PTET-SPLICE-p16 plasmid), the latter of which carries a gene for zeocin resistance.

Oligonucleotides
----------------

The pUDH15-1 oligonucleotide primer sequences were as follows: 5\' TAG ATG TGC TTT ACT AAG TC 3\' (sense) and 5\' ACT TGA TGC TCT TGA TCT TC 3\' (antisense). The p16 exon 2 oligonucleotide primer sequences (c5.1) are from Hussussian et al. (1994) [@B40].

Protein extraction and western blot analysis
--------------------------------------------

Cells were harvested, washed in PBS, and resuspended in Laemmli sample buffer [@B41]. The extracts were then boiled for 4 minutes, sheared through a 26-gauge syringe needle, aliquoted, and stored at -80°C.

Approximately 100 μg of each protein extract was subjected to SDS/PAGE and transferred either to nitrocellulose membranes (ThermoFisher Scientific, Pittsburgh, PA USA) for p16 blots or Immobilon P membranes (Merck Millipore Ltd, Co. Cork, Ireland) for cyclin D1 and RB blots for 45 minutes at 0.45 A using the Genie Electrophoretic Blotter (Idea Scientific, Minneapolis, MN USA). Membranes were stained with Ponceau dye to control for equal loading and immunodetection performed using the enhanced chemiluminescence (ECL) kit (GE Healthcare, Buckinghamshire, UK) according to the manufacturer\'s instructions.

DNA isolation
-------------

DNA was prepared by incubating cells at 55°C in lysis buffer (10 mM Tris pH 8.0, 2.0 mM EDTA pH 8.0, 10 mM NaCl, 5% SDS) containing 1 mg/ml Proteinase K. The samples were then subjected to two phenol-chloroform extractions and one chloroform:isoamylalcohol (24:1) extraction, followed by ethanol precipitation.

Homozygous deletion analysis by PCR
-----------------------------------

A 20 μl reaction mixture contained a final concentration of 200 ng of genomic DNA, PCR buffer (10 mM tris-HCl, pH 8.3; 5 mM KCl; 0.1% gelatin) 200 μM dNTPs; 1.5 mM MgCl~2~; and 0.06 units ul^-1^ Taq Polymerase, all of which were supplied by Promega (Madison, WI USA). For amplification of a single locus, 0.2 μM of either the c5.1 (p16) primers [@B40] or D9S199 primers (Research Genetics, Huntsville, AL, USA) were used, and for amplification of both loci by multiplex PCR, 0.2 μM of the c5.1 (p16) and 0.25 μM of the D9S199 primers were used. Following an initial denaturation period of 7 minutes at 95°C, the DNA was subjected to 20 cycles of amplification consisting of denaturation for 1 minute at 94°C, annealing for 1 minute, with a starting temperature of 55°C and decreasing by 0.5°C per cycle for the first 20 cycles, and elongation for 1 minute at 72°C. The final 10 cycles consisted of denaturation for 1 minute at 94°C, annealing for 1 minute at 45°C and elongation for 1 minute at 72°C followed by a final elongation step of 10 minutes at 72°C. The PCR products were subjected to electrophoresis on a 3% NuSieve gel, stained with ethidium bromide and visualized with uv light.

DNA analysis by Methylation-specific PCR (MSP)
----------------------------------------------

DNA samples were modified with sodium bisulfite according to the method of Herman et al. (1996) [@B11], and precipitated with ammonium acetate (3M final concentration) and two volumes of ethanol. The resulting templates were subjected to PCR using oligonucleotides designed from the promoter of the p16 gene specific for wildtype, methylated or unmethylated DNA [@B11]. A 20 μl reaction mixture contained a final concentration of 20 ng of genomic DNA, 120 ng of each oligonucleotide, PCR buffer (10 mM tris-HCL, pH 8.3; 5 mM KCl; 0.1% gelatin); 200 μM dNTPs; 1.5 mM MgCl~2~; and 0.06 units μl^-1^ Taq polymerase (added once the reaction temperature reached 95°C) all of which were supplied by Promega (Madison, WI USA). The DNA was subjected to 35 cycles of amplification consisting of denaturation for 0.5 minutes at 94°C, annealing for 0.5 minutes at 60°C (for unmethylated-specific oligonucleotides) or 65°C (for wildtype- and methylated-specific oligonucleotides), and elongation for 0.5 minutes at 72°C, followed by a final elongation step of 10 minutes at 72°C. The PCR products were subjected to electrophoresis on a 2% agarose gel, stained with ethidium bromide and visualized with uv light.

Stable transfection of breast cancer cell lines with pUDH15-1 and pTET-SPLICE-p16 plasmids
------------------------------------------------------------------------------------------

Cells were grown in 35 mm plates until they reached 50-60% confluence. At this time, 2.4 μg of each of the plasmids, pUDH15-1 and pTET-SPLICE-p16 was mixed with a total of 12 μl of DharmaFect I lipid (Fisher Scientific, Pittsburgh, PA USA) per well in serum-free medium, and incubated at room temperature for 15 minutes. The cells were then washed with 1 ml of serum-free medium and overlaid with the DNA/lipid mixture. After 5 hours at 37°C, the DNA/lipid mixture was removed and replaced with medium supplemented with 10% serum, 500 μg/ml G418 and 500 μg/ml zeocin (antibiotics obtained from Sigma Aldrich, St. Louis, MO USA). The cells were grown for approximately two weeks after which individual G418/zeocin-resistant colonies were isolated using sterile cloning rings (Bellco Glass, Inc, Vineland, NJ USA), transferred to individual 25 cm^2^ flasks and cultured in the selection media (plus or minus 1μg/ml DOX obtained from Sigma Aldrich) both for PCR analysis (to confirm the presence of both plasmids) and western analysis (to determine the level of p16 protein expression in the presence and absence of DOX).

Identification of stable pUDH15-1/p16 TET transfectants by PCR analysis
-----------------------------------------------------------------------

An approximately 50% confluent 25 cm^2^ flask of each clone was vigorously shaken to detach cells undergoing mitosis. These cells were collected by centrifugation and lysed in a solution of 10 mM Tris HCL pH 8.7, 50 mM KCl, 1.2 mM MgCl~2~, 0.01% gelatin, 0.45% NP-40, 0.45% Tween-20 and 10 mg/ml proteinase K at 55°C for 60 minutes. Five microliters of each of the resulting cellular lysates were subjected to PCR analysis using oligonucleotide primers corresponding to pUDH15-1 or p16 (c5.1) in the following manner: A 20 μl reaction mixture contained 5 μl genomic DNA, 0.2 μM of each primer, PCR buffer (10 mM tris-HCL, pH 8.3; 5 mM KCl; 0.1% gelatin); 200 μM dNTP\'s; 1.5 mM MgCl~2~; and 0.06 units μl-1 Taq polymerase, all of which were supplied by Promega (Madison, WI USA). Following an initial denaturation period of 7 minutes at 95°C, the DNA was subjected to 30 cycles of amplification consisting of denaturation for 1 minute at 94°C, annealing for 1 minute at 52°C (for pUDH15-1 reactions) or 58°C (for p16 reactions), elongation for 1 minute at 72°C, and a final elongation step of 10 minutes at 72°C. The PCR products were subjected to electrophoresis on a 2 % agarose gel, stained with ethidium bromide and visualized with uv light.

Cell cycle analysis of stable pUDH15-1/p16 TET transfectants
------------------------------------------------------------

MCF-7 and ZR75.1 TET transfectants were cultured in the presence or absence of 1μg/ml DOX for 5 days after which they were harvested, stained with propidium iodide [@B42] and analysed for cell cycle distribution at the University of Colorado Cancer Center Shared Resource.

Soft agar analysis
------------------

Five milliliters of a mixture containing 0.4% agar, 10% serum, MEM medium, 500 μg/ml G418, 500 μg/ml zeocin, plus or minus 1 μg/ml DOX (previously incubated at 45°C) was added to 60 mm plates, and allowed to harden at room temperature. The two MCF-7 transfectants (MCF-7/15-1/p16\#69, and MCF-7/15-1/p16\#13), two ZR75.1 transfectants, (ZR/15-1/p16\#7, and ZR/15-1/p16\#9), and MCF-7 and ZR75.1 cell lines transfected with the TET plasmids (but not expressing p16) were grown in the presence or absence of 1 μg/ml DOX in two 75 cm^2^ flasks each for 5 days then harvested and counted. The cells were resuspended in MEM medium supplemented with 10% serum to 1.25 X 10^4^ cells/ml, and 8 ml of each suspension added to 12 ml of the above agar/medium mixture. After mixing, 2.5 ml of each cell-agar suspension was plated on to eight 60 mm plates containing a base layer of agar/medium. Fresh medium containing antibiotic selection plus or minus 1 μg/ml DOX was added to the plates twice per week. After 3 weeks, the total number of colonies per plate were counted (and averaged for the 8 replicate plates). The MCF-7 and ZR751. parent cell lines were also grown in the presence and absence of DOX for 5 days and subjected to soft agar analysis in the absence of G418 and zeocin selection.

Tumorigenicity assays in nude mice
----------------------------------

The following protocol (\#51801001(01)1E) was approved by the University of Colorado School of Medicine Institutional Animal Care and Use Committee (IACUC). The MCF-7 transfectants, MCF-7/15-1/p16\#69 and MCF-7/15-1/p16\#13, and the ZR75.1 transfectants, ZR/15-1/p16\#7, and ZR/15-1/p16\#9, were grown in the absence of 1 μg/ml DOX for 5 days then harvested and counted. Following resuspension in PBS, 5 X 10^6^ cells of each transfectant were injected subcutaneously into the right shoulder of three female athymic nude mice. The same number of non-transfected MCF-7 and ZR75.1 cells were also injected into mice in triplicate. The growth of MCF-7 tumors in nude mice is estrogen-dependent. Thus, a 1.7 mg pellet of 17 ß-estradiol (Innovative Research of America, Sarasota, FL USA) that releases hormone over a 90-day period to give constant levels in the blood of 500-600 pg/ml was implanted into the mice prior to injection of the MCF-7 parent cell line and MCF-7 TET transfectants. The mice were monitored for the growth of tumors over a 12 week period after which the mice were euthanized and the tumors excised and weighed. The differences between groups were tested by one-way ANOVA followed by the Tukey\'s post-hoc HSD test.

Results
=======

Loss of p16 expression in RB-positive MCF-7 and ZR75.1 cells
------------------------------------------------------------

Breast cancers lose the ability to control the transition from G1 into S-phase of the cell cycle through the loss of p16 or, less frequently, RB expression [@B34], [@B43]. Previous studies have shown that cells expressing functional RB but lacking endogenous p16 can be arrested in G1 phase by adenoviral-mediated overexpression of p16 [@B30]-[@B32],[@B18]. The aim of the current study was to determine the effects of regulated (rather than constitutively overexpressed) levels of p16 expression upon the transformed and tumorigenic properties of breast cancer cells. Using western blotting, we identified two breast cancer cell lines, MCF-7 and ZR75.1 that lacked detectable p16 protein but expressed RB (Figure [1](#F1){ref-type="fig"}). The presence of both hyperphosphorylated and hypophosphorylated forms of RB protein in the two cell lines indicated that the protein was functional and therefore capable of mediating a G1 growth arrest in response to the ectopic expression of functional p16 (Figure [1](#F1){ref-type="fig"}). We used the HBL-100 breast epithelial cell line as a positive control for p16 expression. These cells overexpress p16 because RB protein is inactivated by the presence of SV40 T antigen resulting in the loss of a futile negative feedback loop between RB and p16 [@B32],[@B44]. Both MCF-7 and ZR75.1 overexpressed cyclin D1 protein by approximately 10-fold relative to a non-transformed breast epithelial cell line, MCF-12A (Figure [1](#F1){ref-type="fig"}). Thus, the MCF-7 and ZR75.1 cell lines had overcome RB function through the complete loss of p16-mediated inhibition of G1 cyclin-dependent kinase activity.

Loss of p16 expression through homozygous deletion and methylation of the gene in the MCF-7 and ZR75.1 cell lines, respectively
-------------------------------------------------------------------------------------------------------------------------------

DNA from the MCF-7 and ZR75.1 breast cancer cell lines and the SV40 T antigen-transformed breast epithelial cell line, HBL-100, was subjected to duplex PCR analysis using oligonucleotides designed from intron 2 of the p16 gene, CDKN2A, (at chromosome 9p21), in combination with primers from the D9S199 locus (at 9p23). As the D9S199 locus in localized distal to the p16 gene and therefore unlikely to be within a homozygously deleted region on chromosome 9p21, we predicted that it would be amplified in each of the DNA samples assessed (and therefore acted as our positive control). HBL-100 and ZR75.1 DNA amplified both the p16 and D9S199 products. However, the MCF-7 cell line DNA underwent amplication with only the D9S199 primers, which indicated that it had undergone the homozygous deletion of the p16 gene (Figure [2](#F2){ref-type="fig"}A).

To determine the mechanism underlying the loss of p16 protein expression in the ZR75.1 cell line, DNA was subjected to methylation-specific PCR (MSP). Following modification of cell line DNA with sodium bisulfite (which converts all unmethylated cytosines to uracil), the resulting DNA was subjected to PCR using primers from the promoter of the p16 gene that were specific for unmodified (WT), methylated (M) and unmethylated (U) DNA [@B11]. Notably, the ZR75.1 DNA underwent amplification with primers specific for both methylated and unmethylated DNA, which suggested that methylation of the gene was partially responsible for the lack of p16 expression but that there is likely another mechanism responsible for the complete loss of p16 protein expression in this cell line (Figure [2](#F2){ref-type="fig"}B).

Construction of stable MCF-7 and ZR75.1 transfectants demonstrating DOX-dependent expression of p16
---------------------------------------------------------------------------------------------------

To determine the effect of expressing regulated levels of functional p16 on the anchorage dependence and tumorigenicity of the MCF-7 and ZR75.1 breast cancer cell lines (which lack endogenous p16 protein) we used the TET-OFF expression system. Following the co-transfection of the regulatory plasmid (pUDH15-1) and response plasmid (pTET-SPLICE-p16) into MCF-7 and ZR75.1 cells, we used PCR to identify multiple transfectants that contained both the pUDH15-1 and pTET-SPLICE-p16 plasmids. Subsequent immunoblot analysis allowed us to identify three transfectants derived from each of the two cell lines that expressed low, moderate and high levels of p16 protein in the absence of DOX (relative to the HBL-100 cell line, which overexpresses p16) (Figure [3](#F3){ref-type="fig"} and Figure [S3](#SM1){ref-type="supplementary-material"}). Notably, those clones that expressed moderate to high levels of p16 in the absence of DOX, also expressed barely detectable to low levels of the p16 protein in the presence of DOX. This finding indicated a slight \'leakiness\' in the TET-OFF system. In addition, all of the transfectants that demonstrated moderate to high expression of p16 in the absence of DOX showed a concomitant increase in the G1 phase population, the latter of which was more pronounced in the MCF-7 clones. Based on these data, we concluded that the ectopically expressed p16 was functional and able to contribute to cell cycle regulation in the cancer cells (Table [1](#T1){ref-type="table"}) However, in contrast to the complete cessation of growth we previously reported in cells infected with Ad-p16 adenovirus (at an multiplicity of infection of 100 [@B32]), even those MCF-7 and ZR75.1 transfectants expressing the highest levels of p16 continued to proliferate, which made it possible for us to determine the effects of different levels of p16 upon the *in vitro* transformed and *in vivo* tumorigenic properties of the MCF-7 and ZR75.1 cells lines.

DOX-dependent p16 expression suppresses the anchorage-independence of breast cancer cell lines
----------------------------------------------------------------------------------------------

One of the hallmarks of tumor cells is their ability to grow in the absence of anchorage to a substrate. To assay the effect of p16 expression upon the anchorage-independence of MCF-7 and ZR75.1 cells, we subjected the MCF-7 and ZR75.1 TET transfectants expressing moderate (MCF-7/15-1/p16\#69, ZR75.1/15-1/p16\#7) and high (MCF-7/15-1/p16\#13, ZR75.1/15-1/p16\#9) levels of p16 to soft agar analysis. As negative controls, we also assessed the anchorage dependence of MCF-7 and ZR75.1 transfectants that contained both the pUDH15-1 and pTET-SPLICE-p16 plasmids but failed to express p16 protein and the non-transfected parent cell lines, MCF-7 and ZR75.1. All cells were grown in the presence or absence of 1 μg/ml DOX-containing medium for 5 days, after which 1.25 x 10^4^ cells per cell line/transfectant were plated onto soft agar in 8 replicate 60 mm plates. Fresh medium containing antibiotic selection with or without DOX, was added to the plates twice per week. After 3 weeks, the total numbers of colonies per plate were counted.

The MCF-7 and ZR75.1 parent cells grew successfully both in the presence and absence of DOX forming large, healthy colonies with no evidence of growth suppression in the absence of anchorage (Table [2](#T2){ref-type="table"}). In addition, the non-p16 expressing MCF-7 and ZR75.1 cells transfected with the pUDH15-1 and pTET-SPLICE-p16 plasmids also grew well with only a slight decrease in colony number relative to the non-transfected parent cell lines. In contrast, we observed a preponderance of inviable single cells and small clusters of 2-8 cells on the plates containing the MCF-7/15-1/p16\#69 and MCF-7/15-1/p16\#13 transfectants that were cultured in either the presence or absence of DOX. This finding suggested that even the low level of \'leaky\' p16 expression exhibited by these two clones in the presence of DOX was sufficient to inhibit the growth of MCF-7 cells in soft agar. Consistent with these findings, both ZR75.1/15-1/p16\#7 and ZR75.1/15-1/p16\#9 transfectants also showed a marked restoration of anchorage dependence when plated onto soft agar in the absence of DOX. In addition, ZR75.1/15-1/p16\#9 cells cultured in the presence of DOX (which showed low levels of \'leaky\' p16 expression), were also suppressed for growth in soft agar. Notably, ZR75.1/15-1/p16\#7 cells, which showed no detectable p16 expression in the presence of DOX grew to form multiple large, healthy colonies in soft agar, supporting the conclusion that the expression of p16 was responsible for the restoration of anchorage-dependence in the cells.

DOX-dependent p16 expression suppresses the tumorigenicity of breast cancer cells in nude mice
----------------------------------------------------------------------------------------------

We performed nude mice assays to determine if the level of p16 in the MCF-7 and ZR75.1 TET transfectants was sufficient to suppress the tumorigencity of the parent cell lines. Both MCF-7 and ZR75.1 parent cell lines and each of the transfectants expressing moderate (MCF-7/15-1/p16\#69, ZR75.1/15-1/p16\#7) and high (MCF-7/15-1/p16\#13, ZR75.1/15-1/p16\#9) levels of p16 (relative to p16-overexpressing HBL-100 control cells) were grown in the absence of DOX to induce p16 expression for 5 days, after which 1 x 10^7^ cells per cell line/transfectant were injected sub-cutaneously into the right shoulder of 3 female athymic nude mice. Tumors were measured biweekly for 12 weeks after which they were surgically resected and weighed. The tumorigenicity of both the MCF-7 and ZR75.1 transfectants was markedly suppressed relative to the parent cell lines as demonstrated by the complete lack of detectable tumors in mice injected with the MCF-7 transfectants and a statistically significant suppression of tumor growth (p\<0.05) following injection of the high-p16 expressor, ZR75.1/15-1/p16\#9 (Figure [4](#F4){ref-type="fig"}). From these data, we conclude that non-growth inhibitory levels of p16 protein contribute to the suppression of *in vivo* tumorigenicity of the MCF-7 and ZR75.1 breast cancer cell lines.

Discussion
==========

The objectives of the current study were to assess the effect of p16 on both the *in vitro*and *in vivo* transformed properties of the breast cancer cell lines, MCF-7 and ZR75.1, both of which lacked p16 (due to the homozygous deletion and hemi-methylation of the gene, respectively) but expressed functional RB protein. To this end, we used the inducible TET-OFF expression system [@B39] to create transfectants that expressed non-growth inhibitory levels of p16 protein in the absence of DOX. Our desired outcome - to maintain cellular proliferation in the presence of ectopic p16 - contrasts with a previous study in which we used adenoviral-mediated overexpression of p16 to halt proliferation (in G1) in MCF-7 breast cancer cells [@B32].

We found that ZR75.1/15-1/p16\#7 transfectants grown in the presence of DOX (no detectable p16 expression) retained the ability to grow in soft agar while those grown in the absence of DOX (moderate p16 expression) showed a marked reduction in anchorage independence. Further, the ZR75.1/15-1/p16\#9 cells grown in the presence of DOX (low \'leaky\' expression of p16) or absence of DOX (high p16 expression) were suppressed for growth in soft agar. Owing to the similarities of the cell cycle distribution profiles of each of these two transfectants, when cultured in the presence or absence of DOX, we concluded that it was the expression of p16 (and not changes in the growth rate of cells) that was responsible for restoration of anchorage-dependence in the ZR75.1 cells.

Whereas the MCF-7 transfectants cultured in the absence of DOX showed a more pronounced increase in G1 accumulation, the same cells cultured in the presence of DOX (which expressed a low \'leaky\' level of p16) showed a cell cycle profile very similar to that of the non-transfected MCF-7 parent cell line. Analysis of the growth of MCF-7/15-1/p16\#69 and MCF-7/15-1/p16\#13 transfectants in soft agar showed that even those transfectants in which the low levels of p16 protein did not affect the cell cycle (in the presence of DOX), still showed loss of anchorage independence.

In comparison with the ZR75.1 parent cell line, the ZR75.1/15-1/p16\#7 and ZR75.1/15-1/p16\#9 transfectants induced the formation of smaller tumors in athymic nude mice (with statistically significant growth inhibition (p\<0.05) in the case of ZR75.1/15-1/p16\#9, which expressed the highest level of p16 in the absence of DOX). Given that the cell cycle distribution profiles of the ZR75.1/15-1/p16\#9 transfectant grown in the presence or absence of DOX were similar to one another and to that of the ZR75.1/15-1/p16\#7 cells grown in the presence of DOX (no detectable p16 expression), we again concluded that the p16-mediated suppression of tumorigenicity was independent of the growth rate of the cells.

Unlike the MCF-7 parent cell line, the MCF-7/15-1/p16\#69 and MCF-7/15-1/p16\#13 transfectants were unable to induce the formation of detectable tumors in athymic nude mice. Although the transfectants proliferated in culture, we recognized that the increase in G1 accumulation (in the absence of DOX) might influence the growth rate of tumors in mice. To mitigate this possibility, we monitored tumor development for an extended period of 12 weeks-post injection of MCF-7 transfectants. The subsequent absence of tumor formation suggested to us that the less tumorigenic phenotype of the MCF-7 transfectants was due, at least in part; to p16-mediated restoration of important cell cycle controls and possibly to p16\'s other anti-tumor effects. Indeed, Lu et al. (2012) [@B26] showed that AdRSVp16-mediated growth inhibition of MDA-MB-231 breast cancer cells is associated with increased apoptosis, decreased expression of the angiogenic factor, VEGF, and induction of senescence.

In summary, our study found that regulated, non-growth inhibitory levels of p16 are sufficient to restore anchorage-dependence and inhibit the tumorigenicity of breast cancer cells. We propose, therefore, that the constitutively high levels of p16 expression resulting from recombinant adenoviral infection are not necessarily critical to the success of p16-based gene therapeutic approaches. In contrast to the non-discriminating effects of adenoviral-mediated overexpression of p16 on both normal and tumor cells previously shown by our group [@B18], we propose that lower inducible levels of p16 expression may be sufficient to inhibit breast cancer without associated normal cell growth inhibition.
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![Loss of p16 expression in RB-positive breast cancer cell lines. Protein isolated from logarithmic phase breast cancer cell lines, MCF-7 and ZR75.1, and two breast epithelial cell lines, MCF-12A (non-transformed, immortalized) and HBL-100 (SV40-transformed) was subjected to immunoblot analysis using antibodies to the p16, RB and cyclin D1 proteins. Both MCF-7 and ZR75.1 cells showed loss of p16 protein, expression of RB and overexpression of cyclin D1. RB protein in HBL-100 cells is inactive due to the presence of SV40 T antigen.](jcav08p0190g001){#F1}

![(A) The p16 gene is homozygously deleted in the MCF-7 breast cancer cell line. DNA derived from the MCF-7 and ZR75.1 breast cancer cell lines and the HBL-100 SV40-transformed breast epithelial cell line was subjected to PCR using primers to the p16 gene (c5.1) alone (first lane under each cell line), both p16 (c5.1) and D9S199 (control) (second lane under each cell line) or D9S199 alone (third lane under each cell line). Following amplification, the PCR products were subjected to electrophoresis on 3% NuSieve gels and the amplicons visualized with long-wave UV following ethidium bromide staining. (B) The p16 gene is both methylated and unmethylated in the ZR75.1 breast cancer cell line. Following sodium bisulfite modification, DNA from the indicated cell lines was subjected to PCR using primers specific for unmodified (WT), methylated (M) and unmethylated (U) p16. PCR products were subjected to electrophoresis on a 2% agarose gel and the amplicons visualized with uv following ethidium bromide staining.](jcav08p0190g002){#F2}

![Inducible p16 expression in MCF-7 and ZR75.1 transfectants in the absence of DOX. MCF-7 and ZR75.1 cells stably transfected with both the regulatory (pUDH15-1) and response (pTET-SPLICE-p16) plasmids were cultured in the presence or absence of DOX for 5 days, harvested for protein isolation and subjected to immunoblot analysis to determine the degree of p16 induction. The HBL-100 SV40 T antigen-transformed cell line served as a control for overexpression of 16 protein.](jcav08p0190g003){#F3}

![MCF-7 and ZR75.1 TET transfectants expressing p16 show decreased tumorigenicity. In addition to the non-transfected MCF-7 (Figure [4](#F4){ref-type="fig"}A) and ZR75.1 (Figure [4](#F4){ref-type="fig"}B) parent cell lines, transfectants expressing moderate (MCF-7/15-1/p16\#69, ZR75.1/15-1/p16\#7) and high (MCF-7/15-1/p16\#13, ZR75.1/15-1/p16\#9) levels of p16 (relative to the p16-overexpressing HBL-100 control cells) were grown in the absence of DOX for 5 days, after which 1 x 10^7^ cells per cell line/transfectant were injected sub-cutaneously into the right shoulder of 3 female athymic nude mice. Tumors were resected and weighed after 12 weeks. ND indicates that no detectable tumor formed during the 12 week period of the experiment. \*Significantly different as determined by One-way ANOVA followed post-hoc Tukey HSD test (p\<0.05).](jcav08p0190g004){#F4}

###### 

Cell cycle analysis of MCF-7 and ZR75.1 TET transfectants grown in the presence or absence of DOX.

  Cell line/TET transfectant   \% G1   \% S   \% G2/M
  ---------------------------- ------- ------ ---------
  MCF-7                        72      8      20
                                              
  MCF-7/15-1/p16\#69 (+ DOX)   66      23     9
  MCF-7/15-1/p16\#69 (- DOX)   87      7      6
                                              
  MCF-7/15-1/p16\#13 (+ DOX)   63      22     15
  MCF-7/15-1/p16\#13 (- DOX)   87      7      6
                                              
  ZR75.1                       63      31     6
                                              
  ZR75.1/15-1/p16\#7 (+ DOX)   80      11     9
  ZR75.1/15-1/p16\#7 (- DOX)   83      9      8
                                              
  ZR75.1/15-1/p16\#9 (+ DOX)   78      13     9
  ZR75.1/15-1/p16\#9 (- DOX)   82      10     8

###### 

Growth of MCF-7 and ZR75.1 TET transfectants in soft agar.

                           \% Colony formation^1^   
  ------------------------ ------------------------ -------
  Cell Line/transfectant   (+)                      (-)
  doxycycline              doxycycline              
  MCF-7                    100                      100
  MCF-7/15-1/p16\#69       \<0.1                    \<0.1
  MCF-7/15-1/p16\#13       \<0.1                    \<0.1
  ZR75.1                   100                      100
  ZR75.1/15-1p16\#7        \~70-80                  \<2
  ZR75.1/15-1/p16\#9       \<2                      \<2
  MCF-7/15-1/pTET^2^       \~90                     \~90
  ZR75.1/15-1/pTET^2^      \~90                     \~90

1The number of colonies that grew from each of the transfectants plated onto soft agar (in the presence or absence of doxycycline) was expressed as a percentage of the total number of colonies that arose from the corresponding parent cell line.

^2^MCF-7 and ZR75.1 control transfectants harbored both the regulator (pUDH15-1) and response (pTET-SPLICE-p16) plasmids, but did not express p16 protein.

[^1]: \* In memory of our dear friend and colleague, Dr. Thomas Langan.

[^2]: Competing Interests: The authors have declared that no competing interest exists.
